In this research, nano-sized Al2O3 particles were added to silicate-based coatings and the effect of these particles on the microstructure, composition and properties of the coatings was investigated. The effects of the nano-additive on the structure, phase composition and hardness of the micro-arc oxidation (MAO) coatings were analysed using scanning electron microscopy (SEM), X-ray diffraction and micro-hardness testing. The SEM showed that the coatings with a nano-additive have lower porosities than those without a nano-additive. XRD results showed that the coatings with nano-additives contain more oxide when compared to those without nano-additives. The results showed that the nanoparticle additions improve the hardness of the MAO coatings. Keywords: micro-arc oxidation (MAO), nano-additive, alumina, Ti6Al4V V raziskavi so Al2O3 nanodelci dodani osnovi s silikatnimi prevlekami. Raziskan je bil u~inek teh delcev na mikrostrukturo, sestavo in lastnosti prevlek. Analizirani so bili u~inki nanodelcev na strukturo, fazno sestavo in trdoto mikrooblo~ne oksidacije (angl. MAO) pri premazih, in sicer z vrsti~no elektronsko mikroskopijo (SEM), z rentgensko difrakcijo in z mikrotrdoto. SEM-analiza je pokazala, da imajo prevleke z nanododatkom ni`jo poroznost od tistih, katerih prevleke ne vsebujejo nanododatkov. Rezultati XRD ka`ejo, da prevleke z nanododatki vsebujejo ve~oksidov v primerjavi s tistimi brez nanododatkov. Rezultati {e ka`ejo, da dodatki nanodelcev izbolj{ajo trdoto MAO-prevlek.
INTRODUCTION
Titanium and its alloys are widely used in aerospace, automation, chemical industry and biomedicine because of their high strength, low density and good biocompatibility. However, their surface hardness and corrosion resistance limit their applications. Many studies aim to improve their hardness and corrosion resistance. [1] [2] [3] MAO is a plasma-assisted surface treatment technique used to convert the surfaces of suitable metals to thick and hard ceramic-oxide layers. 4, 5 However, ceramic coatings generally possess a foam-like structure with a high bulk porosity and relatively poor mechanical properties, which restrict them from even wider technical applications. 5 Researches mainly focused on the effects of the processing parameters, such as current density, voltage and electrolytic solution for improving the mechanical properties; nowadays, nano-additive doping of the electrolyte is also studied to improve the properties of the ceramic coatings. 4, 6, 7 In this research, the effect of a nano-Al 2 O 3 additive to the electrolyte on the Ti6Al4V microstructure, phase composition and microhardness of MAO coatings on a titanium alloy were analysed.
EXPERIMENTAL PART
The Ti6Al4V substrate material used for the investigation had a chemical composition in mass fractions (w/%) of 6. Table 1) . During the MAO treatment, the applied voltage, treatment time and cooling system (electrolyte) were fixed at 400 V, 15 min and 30±5°C, respectively. The microstructural characteristics of the coating and phase composition were investigated with scanning electron microscopy (SEM, JOEL) and X-ray diffraction (XRD, Shimadzu XRD-6000). Table 1 shows the components, pH and conductivity of the electrolytes of the samples. The hardness values of the uncoated Ti6Al4V and coated samples were measured using a FUTURE TECH-CORP.FM-700 microhardness tester at a load of 100 g for a loading time of 10 s. The average of three repeated measurements was reported. Figure 1 shows the surface morphologies of the coated samples. A highly non-uniform porous layer, with an average pore size ranging from 5-10 μm was observed on the surface of the MAO-Ti coating (Figure 1a  to 1b) . With an addition of nano-Al 2 O 3 , the coating surface became denser and smoother and the number of pores decreased (Figure 1c to 1d) . It can be concluded that the addition of a nanopowder plays an essential role in fabricating ceramic coatings with a lower porosity. Some of the Al 2 O 3 nanoparticles were drawn into the discharge channel during the micro-arc discharge because of the force of the conductivity of the electrolytes. The addition of Al 2 O 3 nanoparticles to the electrolyte improved its conductivity and the sparks generated in the anode reaction intensified. This led to a significant increase in the number of micro-arcs per unit time, resulting in an increase in the number of micro-arc pores and a reduction in the size of the pores formed on the sample surface. Smaller pores increase the compactness of the coating microstructure. 8 The EDS map analysis of the MAO coatings without a nano-additive is shown in Figure 2 . The main elements were Ti and O, which were found in all the coatings and came from the substrate. Na and Si were detected on nearly all the surfaces and these elements came from the electrolyte solution. Furthermore, the Al element was found in small parts that were not well coated and came from the substrate. Figure 3 represents the EDS map analysis of the MAO coating with an addition of nanoAl 2 O 3 . It can be seen that the prepared coating mainly consists of Ti, O, Si and Na, which came from the substrate and electrolytic solution. From Figure 3 , it can be seen that the contents of all the elements increased, the rates of O and Al changed a lot, and Al increased with the nano-Al 2 O 3 additive. It might be inferred that the Al 2 O 3 particles were mixed into the ceramic coating, with some regions partly rich in the Al 2 O 3 particles. We thought that more and more dispersed nanoparticles entered the pores, increasing the nano-additive concentrations, so the coating surface became denser and smoother.
RESULTS AND DISCUSSION
XRD patterns of MAO coatings with and without a nano-additive are shown in Figure 4 . For the coating prepared in the silicate solution without nano-additives, it can be seen that the prepared ceramic coatings consist of TiO 2 and the amorphous phase. The coatings prepared in the silicate solution with the Al 2 O 3 nano-additive are similar; however, the peak intensity of TiO 2 increased and Al 2 O 3 is observed, which indicates that nanoparticles entered the prepared ceramic coatings. As mentioned in the literature, the samples with the electrolyte containing a nano-Al 2 O 3 additive exhibit high voltage. This phenomenon indicates that the Al 2 O 3 nano-additive has a significant influence on the voltage and thus the formation of a MAO coating. 9, 10 The average Vickers microhardness of the uncoated alloy was 401±10 HV 0,1 , 980±10 HV 0,1 and 1150±10 HV 0,1 for the MAO-Ti and MAO (nano)-Ti-coated alloys, respectively. Thus, the MAO process increased the hardness of the alloy surface significantly. This surface hardness is 2-3 times higher when compared with the uncoated sample. 
CONCLUSIONS
Ceramic coatings were generated on Ti6Al4V substrates in a silicate electrolyte with and without an Al 2 O 3 nano-additive using the MAO technique. The coated layers without a nano-additive generally consisted of rutile (TiO 2 ). An Al 2 O 3 nano-additive was successfully incorporated into the TiO 2 layer, which was confirmed with XRD and EDS analyses. The added Al 2 O 3 nanoparticles become incorporated into the coatings, increasing the density of the coating microstructures and the hardness. The surface hardness of the coatings was increased to 1150±10 HV 0,1 with the MAO(nano)-Ti. The surface hardness increased 2-3 times when compared with the uncoated sample.
